Currently there are hundreds of scientific journals that publish research results in various fields of plant biology and agrobiology. Hundreds of thousands of international patents contain a variety of information on agricultural biotechnology. The number of articles and patents is increasing over time in an exponential progression. For example, there are more than 1.5 million publications devoted to the study of Solanum tuberosum that is one of the most important crops in the world. Analysis of such huge number of experimental facts presented in text sources (scientific publications and patents), requires the use of automated methods for knowledge extraction (text-mining). Intelligent automatic text analysis techniques are already widely used in biology and medicine to extract information about the properties and functions of molecular genetic objects. Unlike search engines such as Google, Yandex and others, that search documents by keywords, such text-mining methods are aimed at the automatic extraction of knowledge presented in the documents, knowledge integration and formalization according to the defined ontology. Among the known systems for intelligent knowledge extraction from scientific publications STRING, LMMA, ConReg, GeneMania and others can be listed. For the first time in Russia, we have previously developed a system, named ANDSystem, for automatic intelligent knowledge extraction in biomedicine. ANDSystem contains more than 10 million facts about molecular-genetic interactions extracted from more than 25 million scientific publications. For knowledge extraction in ANDSystem, specially developed semantic and linguistic rules are used for recognition of interactions between biological objects such as, proteins, genes, metabolites, drugs, miсroRNA, biological processes, diseases and others in natural language texts. However, the problem of development of methods for automatic knowledge extraction from the texts in plant biology, agrobiology and agrobiotechnology remains still unsolved and has a high relevance. The aim of this work was to adapt the methods of automatic knowledge extraction, presented in ANDSystem, to the field of crop production and to create on this basis a SOLANUM TUBEROSUM knowledge base, containing information on genetics, markers, breeding and selection of potatoes, its pathogens and pests, storage and processing technologies and others. The knowledge base ontology contains dictionaries, corresponding to more than 20 types of objects, including molecular genetic objects (proteins, genes, metabolites, microRNA, biological processes, biomarkers, etc.), potato varieties and their phenotypic traits, diseases and pests of potato, biotic and abiotic environmental factors, biotechnologies of cultivation, processing and storage of potato, and others. Also, the ontology contains more than 25 types of interactions that describe various relationships between the above listed objects, including molecular interactions, regulatory events and associative links. More than 5 thousand semantic templates were created to extract information about the interactions. The accuracy and recall of knowledge extraction by the developed method were assessed with the expert manual analysis of the text corpus and reached more than 65 % and 70 %, respectively. The full-scale version of the knowledge base SOLANUM TUBEROSUM will be created on the basis of the developed approaches.
Currently, investigation of molecular genetic systems becomes top priority in genomic, proteomic, metabonomic and transcriptomic studies in different fields of biology, including plant growing [1] [2] [3] [4] . New approaches take on special significance to the investigation of the genotype-phenotype relationship. Reconstruction and analysis of gene networks replace traditional approaches based on the search for individual genes responsible for the formation of phenotypic plant characteristics, including complex economically valuable features, such as resistance to diseases and pests, tolerance to abiotic factors, and yield [5] [6] [7] [8] . The most important source of information on molecular genetic interactions occurring at the intracellular, intercellular and organismic levels of plant organization are databases that summarize the exploratory results, scientific publications and patents. The number of publications increases exponentially each year. Even a simple search query by the keyword 'potato' in the Web of Science and Google Patents, yields information on more than 60,000 papers and 900,000 patents. Many of them contain data on molecular genetic interactions. The prompt accumulation of new knowledge presented in scientific publications and databases is significantly associated with the development of experimental highperformance 'Omic' technology (genomic, transcriptomic, proteomic and metabolic). The use of high-performance sequencing technology allowed reading the genome of the potato.
The NCBI Genomes database (https://www.ncbi.nlm.nih.gov/genome) contains a version of the potato genome GCA_000226075.1 SolTub_3.0 [9, 10] , which includes an annotation of 37,966 proteins. Another database, NCBI Gene (https://www.ncbi.nlm.nih.gov/gene), provides information on the sequences and functions of 33,037 potato genes.
To establish interactions between biological objects, experimental methods of direct analysis of protein-protein interactions (yeast two-hybrid systems), transcriptomic analysis (differential gene expression and co-expression) and others are often used. The GEO database (https://www.ncbi.nlm.nih.gov/gds) presents data from more than 1,300 experiments on the expression of potato genes obtained using transcriptomic technology. For example, Y. Ou et al. [11] in their paper presented in GEO (GSE43237) performed a full-genomic analysis of microRNA targets in tubers stored in the cold. The analysis identified 53 known and 59 new miRNAs, as well as 70 target genes potentially involved in the response to low-temperature storage. Another paper [12] , also presented in the GEO database (GSE56333), investigated the effects of the potato Y-virus infection on potato resistance to the Colorado potato beetle larvae using highperformance sequencing.
Databases containing information on molecular genetic interactions obtained based on the analysis of factual databases and scientific publications are being rapidly developed worldwide. In particular, the PlantCyc database [13] [14] [15] [16] contains information on molecular genetic networks for more than 22 plant species, including potatoes. The PotatoCyc database (the potato section in PlantCyc) contains information on 558 biological pathways, 5,790 enzymes, 3,122 reactions and 2,413 metabolites. However, this database was created based on the non-automated analysis of scientific publications, which guarantees the yield of high quality data, but inevitably leads to a delayed presentation of facts published in scientific articles.
The current number of publications and patents is the so-called 'big data' (extremely large amounts of data), the effective processing of which requires the use of automated text analysis (text mining). The technology of automatic extraction of knowledge from scientific publications is most rapidly developed in biomedicine [17] [18] [19] [20] [21] . Among the widely used systems for text analysis on the specified subjects, STRING [22] [23] [24] , LMMA [25] and ConReg [26] can be distinguished. The STRING system includes descriptions of protein-protein interactions that are confirmed experimentally or predicted by various methods (including predictions of the distance of genes in the genome, phylogenetic profiles, or coexpression). The system STRING uses information extracted from databases, as well as obtained from publications using methods of automated text analysis. The LMMA system is designed for the reconstruction of biological networks based on the integration of literature data on molecular interactions and evidence on gene expression obtained in microchip experiments. It is based on estimates of the statistical significance of the concurrent occurrence of biological terms in texts from PubMed. ConReg is a plug-in for the Cytoscape system [27] that focuses on the study of genetic regulation in eukaryotic model organisms. Here the evidence on genetic regulation are taken from different databases and supplemented with information about the predicted binding sites for transcription factors, as well as information extracted using the automated analysis of PubMed texts.
We have previously developed the ANDSystem for the automated extraction of medical and biological knowledge from the PubMed texts using semantic template methods [28] [29] [30] . ANDSystem includes a linguistic analysis module that automatically extracts from an arbitrary text flow the factual information related to a specific subject (problem) domain according to a given ontology. The module of linguistic analysis consists of three main parts, such as a morphological analyzer, a problem-oriented ontology and a semantic analyzer. The morphological analyzer implements the following functions: descriptive text markup (recognition in the text the concepts included in the ontology, including terminological word combinations); lemmatization; and POS marking. A problem-oriented ontology forms a conceptual model of the problem domain. The semantic analyzer implements the functions of conceptual search in the text of the document and the user interface. The system operation is provided by two main dictionaries: the grammar dictionary supports lemmatization, POS markup and recognition of word combinations based on the linear context; the ontology supports semantic analysis, including elements of limited logic output. In addition, a defining dictionary is used (a word or a word combination as a concept), integrated into an ontology.
In the present work, the methods of the ANDSystem were adapted and adjusted for automatic extraction of the knowledge on genetics, markers, 'omic' resources, breeding, seed production, diagnostics of disease pathogens, protective means and potato storage technologies in order to create a knowledge base called SOLANUM TUBEROSUM. Setting up ANDSystem involved the creation of a subject domain ontology and semantic linguistic rules (templates) for analyzing natural language texts and extracting knowledge formalized according to a given ontology. Important components of the subject domain ontology are dictionaries of the objects, the information about the interactions between which is extracted from texts using templates. The developed ontology of the SOLANUM TU-BEROSUM knowledge base contains dictionaries for more than 20 types of objects. Proteins, genes, metabolites, microRNAs, biological processes, biomarkers, etc. are considered as the molecular genetic objects. Separate dictionaries are potato varieties and their phenotypic signs, including potato diseases. A large section of ontology is devoted to potato pests, as well as to environmental biotic and abiotic factors. The ontology also contains dictionaries of cultivating agrobiotechnology, and biotechnology of potato processing and storage. The analysis of quality of the knowledge extraction using created templates demonstrated appropriate accuracy (65 %) and completeness (70 %).
O n t o l o g y -b a s e d m o d e l. We used the term ontology to mean the O = <C, R, F> set, where C = C t + C o + C sp + C ti + C i + C r is the set of concepts of the subject domain (Fig. 1) , represented by the following components: C t is the set of object types, C o is the set of molecular genetic objects, diseases, processes, cellular components, etc., C sp is the set of organisms, C ti is the set of types of interrelations between objects, C i is the set of interrelations between objects, C r is the set of object roles in the interrelations. R = {is_a, role, present, exists_in} + R 1 describes the set of relations between the concepts of a given domain and, in turn, consists of subsets describing the different types of relationships between objects, the admitted roles of objects in relationships of a particular type, the relation linking molecular genetic objects with the organisms in which they occur, etc. The third component is represented by the set F = {f: R 1 -> C i }, describing the interpretation function, which consists of the one-to-one mapping of the set of the R 1 relations onto the set of types of objects C i . The kn o w le d ge ba se str uctur e. Using the developed ontological model of data representation, the SOLANUM TUBEROSUM knowledge base was designed. It includes a database containing molecular genetic information, information about technologies, diseases, environmental factors obtained as a result of the analysis of texts of scientific publications, patents and databases. In addition, the knowledge base contains methods that were used to extract knowledge from texts, and methods designed to analyze the molecular genetic networks available in the database. The MySQL 5.6 relational DBMS was used when developing the knowledge base. The database contains 18 tables describing the following sections: Plant, Potato Pathogens and Pests, Environment, Technology, Bioinformatics, Associative networks (see Fig. 2) .
The Plant Section. The Plant section is intended to describe molecular genetic data. In the current version of the knowledge base, this section provides information on potatoes supplemented with information on seven model plants (Solanum lycopersicum, Nicotiana tabacum, Arabidopsis thaliana, Oryza sativa Indica Group, Oryza sativa Japonica Group, Zea mays, Triticum aestivum). Molecular genetic data include dictionaries of names and their synonyms for genes (> 140,000 terms), proteins (> 19,000 terms), metabolites (> 42,594 terms), microRNAs (> 10,000 terms), genetic biomarkers (> 20 terms) and biological processes (> 100,000 terms). Separate dictionaries represent potato varieties (206 varieties The Potato Pathogens and Pests Section. This contains dictionaries of molecular genetic objects for 24 pathogens and pests of potatoes. Molecular genetic data, similar to the Plant section, are represented by genes (3,451 genes), proteins (476 proteins), metabolites and biological processes. Separate dictionaries describe the markers of resistance to plant protection products, as well as molecular targets for chemical plant protection products.
The Environment Section. This involves the dictionaries for two types of objects, such as biotic and abiotic environmental factors (> 100 and > 50 terms, respectively).
The Technology Section. It should be noted that, along with moleculargenetic objects and environmental factors, various technologies for selection, cultivation, protection and diagnostics of potato diseases, potato processing and storage are presented as independent objects in the developed knowledge base. More than 100 technologies are described in the current version of the knowledge base.
The Associative networks Section. An associative semantic network was used as an informational model of the subject domain, which was in the form of an oriented bipartite graph, the state points of which corresponded to the objects of the domain, and arcs defined relations between them. The relations of the following types are used to describe interactions between molecular genetic objects: 1st type, physical interactions, i.e. the formation of short-lived or permanent molecular complexes; 2nd type, chemical interactions (catalytic reactions and processes) of the substrate-enzyme-product type, in which proteins (enzymes) and low-molecular compounds (metabolites) are involved, including proteolytic cleavage reactions of one protein (substrate) by another protein (proteo-lytic enzyme ), post-translational modifications of proteins (phosphorylation, glycosylation, etc.); 3rd type, regulatory interactions, including regulation of gene expression by transcription factors, regulation of protein activity or function by other proteins, regulation (or implementation) of transport of some proteins by other proteins, regulation of stability or degradation of some proteins by other proteins or metabolites (regulatory events will also be subdivided according to the effect one object exerts onto another one, i.e. the enhancement or weakening of the process); 4th type, co-expression (simultaneous expression of several genes), which was caused by shared regulatory mechanisms that activate expression under varying conditions in the cell; 5th type, associative connections (this category includes unclassified relations between molecular genetic objects, as well as links between molecular genetic objects and objects that match the concepts of breeding, phenomics and seed production, phytopathology, diagnostics, means of protection, agrobiotechnology of cultivation and biotechnology of potato processing and storage). The relations between the concepts of breeding, phenomics and seed production, diseases, diagnostic techniques and means of protection, technologies are based on various types of regulatory links (upregulation and downregulation), as well as links describing the involvement, application, associative links, etc.
The Bioinformatics Section. A specially developed section is closely associated with the knowledge base, which presents bioinformatic methods for analyzing experimental data on molecular mechanisms of functioning of the analyzed biological systems, gene prioritization, prediction of markers, planning experiments, etc. The analysis is performed based on the experimental findings entered by the user, as well as data on the network of molecular genetic interactions automatically extracted from the Associative Networks section.
Currently, bioinformatic analysis of experimental data is actively developing, related to the task of prioritizing the genes when identifying among them those the most important for the studied biological processes (including the response to biotic and abiotic environmental factors), phenotypic (physiological) features, diseases, etc. [31, 32] . 
priority is potato starch branching enzyme 22.1 (marked with an arrow).
To this end, the methods of the well-known GUILD program package (http://sbi.imim.es/web/index.php/research/software/guildsoftware) are integrated into the SOLANUM TUBEROSUM system, based on the analysis of the structure of the gene networks graph [33] . Figure 3 shows an example of the prioritization of genes that specifically control the metabolism of starch, which may be of interest as candidates for breeding. In the present case, the criterion for prioritization was the number of links between candidate genes with reference genes.
Another class of bioinformatic methods, implemented in SOLANUM TUBEROSUM, is based on estimates of the enrichment of biological processes by genes identified experimentally (for example, in transcriptomic analysis). Such methods are widely used in known computer systems intended for interpreting experimental data, e.g. DAVID [34] , PANTHER [35, 36] , GORILLA [37, 38] , etc.
E xtra ction of know led ge using semantic-lin guistic te mp la te s. In the ANDSystem, texts are recognized by a linguistic analysis module, which is fed into the input by a textual stream of factual information related to a specific subject (problem) domain. A problem-oriented ontology implemented in SOLANUM TUBEROSUM forms a conceptual model of knowledge. The module of linguistic analysis uses morphological and semantic analyzers. The morphological analyzer performs descriptor markup of the text (recognizing in the text the concepts included in the ontology, including terminological phrases), lemmatization (bringing the word to a normal form), and the POS markup. The semantic analyzer carries out a conceptual search for knowledge in the text, processed by the morphological analyzer, using semantic linguistic templates. A grammar dictionary is used for lemmatization and POS markup. The functional diagram of the system for extracting knowledge about the interactions between ontology objects in the SOLANUM TUBEROSUM knowledge base is given in Figure 4 . The initial data are external sources of information, including three groups of factual databases used for compiling dictionaries, extracting knowledge on molecular genetic objects and extracting knowledge about molecular interactions in the cell and gene networks, as well as a database of bibliographic data (for extracting knowledge using semantic and linguistic templates about interactions between ontology objects of the SOLANUM TUBEROSUM knowledge base).
Semantic and linguistic templates are structured records with information about types of objects, dictionaries, rules for text analysis or regular expressions, and a meta description of interaction semantics. The template structure includes the following main groups of fields: Regular expression, Dictionaries, Interactions, Object Attributes, Interaction Attributes. A regular expression defines the arrangement of object names and special linking words that indicate the specified type of interactions between specific objects in the analyzed sentence. The structure of a regular expression is a sequence of identifiers for object dictionaries and dictionaries of linking words. The symbol "" is used as a separator character between the identifiers of dictionaries. A regular expression can also specify the admissible number of words that are not object names, which can be placed between object names in the sentence. In addition, a regular expression can contain a negation. We developed a total of about 5,000 such semantic and linguistic templates to be used in ANDSystem for extracting knowledge from the texts of scientific publications. Let us consider as an example a template for extracting interactions between the genes and phenotypes of the organism (Fig. 5, A) , adapted for the SOLANUM TUBEROSUM knowledge base. In this template, the GENE, PHENOTYPE, ORGANISM and TECHNOLOGY dictionaries are used as objects, while the "regulation" and "identification" dictionaries are used as linking words. It follows from the regular expression that object 1 (a gene from the GENE dictionary) is involved in the regulation of object 2 (a phenotype from the FENOTYPE dictionary). As can be seen, the objects and the interactions between these objects have their own attributes. In this example, objects 3 and 4 are, respectively, the organism and technology for object 1. At the same time, object 3 is an interaction attribute for object 1, indicating the organism in which it is performed.
In fact, the template contains all information about the types of objects and the types of their interactions without specifying the names of specific objects. Tryout of a template results in identifying from the texts the specific object names that match a specified regular expression. When applying the considered template to the sentence "The chromosomal location of the major gene Ry adg controlling extreme resistance to potato virus Y (PVY) in Solanum tuberosum subsp. andigena was identified by RFLP analysis of a diploid potato population" [39] (see Fig. 5, B) , the response output is as follows. In the case under consideration, the Ry adg gene corresponds to object 1, the phenotype of resistance to potato virus Y (PVY) to object 2, the organism Solanum tuberosum subsp. andigena to object 4, and the technology of RFLP analysis to object 5.
Thus, an initial version of the knowledge base has been created for storing information on genetics, breeding, seed production, diagnostics of disease pathogens, protective means and technologies of potato storage, and to do this, an appropriate ontology has been developed (which includes dictionaries of concepts on genetics, breeding, phenomics and seed production, agrobiotechnology of cultivation and biotechnologies for potato processing and storage, diseases, pests, diagnostic methods and means of protection, environmental factors, etc.). The ANDSystem methods were adjusted for extraction of knowledge from the texts of scientific publications, patent and factual databases in the subject domain defined by the created ontology, and previously developed user interfaces were adapted. Using this system, it is planned to conduct a large-scale automatic analysis of the texts of scientific publications and patent databases. It is also expected to significantly expand the volumes of the knowledge base dictionaries by extracting new object names during analysis.
